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In Drosophila, the grainy head (grh) gene plays a range of

key developmental roles through the regulation of members

of the cadherin gene family. We now report that mice

lacking the grh homologue grainy head-like 1 (Grhl1)

exhibit hair and skin phenotypes consistent with a reduc-

tion in expression of the genes encoding the desmosomal

cadherin, desmoglein 1 (Dsg1). Grhl1-null mice show an

initial delay in coat growth, and older mice exhibit hair loss

as a result of poor anchoring of the hair shaft in the follicle.

The mice also develop palmoplantar keratoderma, analo-

gous to humans with DSG1 mutations. Sequence analysis,

DNA binding, and chromatin immunoprecipitation experi-

ments demonstrate that the human and mouse Dsg1 pro-

moters are direct targets of GRHL1. Ultrastructural analysis

reveals reduced numbers of abnormal desmosomes in the

interfollicular epidermis. These findings establish GRHL1 as

an important regulator of the Dsg1 genes in the context of

hair anchorage and epidermal differentiation, and suggest

that cadherin family genes are key targets of the grainy

head-like genes across 700 million years of evolution.
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Introduction

Although the grh gene in Drosophila has been linked to a

range of developmental events, its predominant expression in

the developing cuticle underpins the best-characterized of its

mutant phenotypes, which manifest as defects in cuticle

integrity and wound repair (Bray and Kafatos, 1991; Mace

et al, 2005). In the developing wing, grh mutants exhibit

multiple hairs of abnormal polarity, analogous to the defects

observed in mutants of the frizzled-dependent PCP pathway

(Lee and Adler, 2004). It has been postulated that a cadherin

family member, starry night (stan) (also known as flamingo

(fmi)), is a direct target of GRH. Grh mutant clones in the

wing also exhibited a delay in hair morphogenesis, which

was not mimicked in the stan/fmi mutants (Lee and Adler,

2004). Another member of the cadherin gene family directly

regulated by grh is E-cadherin/shotgun (Almeida and Bray,

2005). This regulation is critical in post-embryonic neuro-

blasts, where grh expression is essential for these cells to

adopt the stem cell programme appropriate for their position

within the central nervous system (Almeida and Bray, 2005).

Our interest has focused on the roles of the three mamma-

lian homologues of grh, Grhl1–3 in the developing epidermis

(Wilanowski et al, 2002; Ting et al, 2003b). All three genes

are highly expressed in the developing mouse skin, with

differing times of initial and maximal expression (Auden

et al, 2006). We have previously shown that Grhl3 is essential

for closure of the neural tube (Ting et al, 2003a), and for

establishing and maintaining the epidermal barrier in mice

(Jane et al, 2005; Ting et al, 2005). This latter function is

mediated, in part, through the regulation of a protein/lipid

cross-linking enzyme, analogous to the role of grh in regulat-

ing the Dopa decarboxylase gene in the fly cuticle. This

finding emphasizes the degree of functional conservation

between members of this gene family. We now report a

further insight into these functional homologies in our gen-

eration and study of mice deficient for Grhl1. These animals

display a delay in the initial appearance of their coat, coupled

with defective hair anchoring to the follicle. They also exhibit

palmoplantar keratoderma (PPK) with marked thickening of

the epidermal layer of the paws. These phenotypes are

unified by the demonstration of diminished expression of

the desmosomal cadherin genes coding for desmoglein 1

(Dsg1), which we show are direct targets of GRHL1.

Results

Grhl1-null mice exhibit an abnormal hair coat

Mice carrying a targeted Grhl1 allele were generated as

described in the Supplementary data. Genotyping of offspring

from Grhl1þ /– intercrosses at weaning showed that Grhl1–/–

mice were represented in normal Mendelian proportions. Of

218 pups tested, 53 were þ /þ (24%), 120 were þ /�
(55%), and 45 were �/� (21%). Although the same in size

at birth, at weaning, the Grhl1–/– pups were smaller than their

littermates, and 2 months later these mice displayed no

significant difference in size or weight (Supplementary

Figure 2). Over 30% of the Grhl1–/– pups were devoid of

hair at weaning, and the remainder show a marked paucity of
Received: 22 July 2007; accepted: 31 January 2008; published online:
21 February 2008

*Corresponding author. Rotary Bone Marrow Research Laboratories,
Melbourne Health Research Directorate, Royal Melbourne Hospital,
Grattan Street, Parkville, Victoria 3050, Australia.
Tel.: þ 61 3 93428641; Fax: þ 61 3 93428634;
E-mail: jane@wehi.edu.au

The EMBO Journal (2008) 27, 886–897 | & 2008 European Molecular Biology Organization | All Rights Reserved 0261-4189/08

www.embojournal.org

The EMBO Journal VOL 27 | NO 6 | 2008 &2008 European Molecular Biology Organization

 

EMBO
 

THE

EMBO
JOURNAL

THE

EMBO
JOURNAL

886

http://dx.doi.org/10.1038/emboj.2008.24
http://dx.doi.org/10.1038/emboj.2008.24
mailto:jane@wehi.edu.au
http://www.embojournal.org
http://www.embojournal.org


hair growth (Figure 1A, upper panel). Growth of whiskers,

nails, and teeth were normal in these animals. Later in life,

recovery in hair growth was observed; however, all Grhl1-null

animals exhibited a sparser coat throughout life compared

with their wild type littermates. An example of most pro-

nounced hair regrowth is shown in Figure 1A (lower panel).

In addition, we noted that many Grhl1–/– mice displayed

severe regional hair loss that appeared unrelated to the hair

cycle (Figure 1B, upper panel). This aspect of the phenotype

was related to grooming by cage-mates, and mice housed in

isolation showed sparse hair coats without regional hypotri-

chosis (Figure 1B, lower panel). This suggested that hair

anchoring may be defective in the Grhl1–/– animals.

Examination of hair types revealed no differences in fre-

quency or appearance between the wild-type and mutant

animals (data not shown). In all other aspects, the Grhl1–/–

mice were healthy, with normal fertility and longevity.

The formation of the skin barrier and wound healing were

unaffected in the Grhl1–/– animals (Supplementary Figure 3;

data not shown).

Grhl1 is expressed in the developing epidermis and hair

follicles

During embryogenesis, Grhl1 expression was first detectable

by in situ hybridization at very low levels in the surface

ectoderm at embryonic day 10.5 (E10.5) (Auden et al, 2006).

By E15.5, Grhl1 was readily detectable in the skin and in the

developing hair germs (Figure 2A). At later time points

during development and in the adult, expression of Grhl1 in

the skin was confined to the suprabasal layers of the epider-

mis and to the hair follicles (Figure 2B). In the whiskers at

E17.5, Grhl1 expression was observed throughout the length

of the follicle in the inner root sheath (IRS), but with sparing

of the dermal papilla (Figure 2C). These expression patterns

were confirmed in mice carrying a lacZ reporter gene fused

in frame to the first codon of exon 1 of the Grhl1 gene

(Supplementary Figure 1). In E14.5 embryos, b-galactosidase

activity was observed in the skin and hair placodes

(Figure 2E). In the adult, expression was identified in the

suprabasal layers of the epidermis (Figure 2D), IRS of the hair

follicle, but not in the dermal papilla (Figure 2F–G).

Significant expression of Grhl1 was also noted during devel-

opment in other tissues lined by squamous epithelium,

including the oral cavity and anal canal. Expression was

also observed in several other organs, including lung, kidney,

and stomach (Auden et al, 2006).

Grhl1-null mice show defective hair anchoring

To determine the underlying pathology in the Grhl1–/– ani-

mals, we examined dorsal skin histology in mice at 0, 7, 14,

and 21 days (Supplementary Figure 4; data not shown). No

abnormalities in the dermal or epidermal architecture were

observed at these time points. In particular, the structure and

density of hair follicles was identical in both Grhl1–/– and

wild-type littermates. Scanning electron microscopy of Grhl1

mutant hair shafts did not detect any structural differences

compared with wild-type hairs (Supplementary Figure 5).

Skin sections from areas without obvious hair loss in older

mice (3–7 months) were unremarkable, with the exception of

sections taken from the palmar or plantar surfaces of the

fore and hind paw, respectively (see below). Sections from

the hypotrichotic regions of adult mice revealed areas con-

taining empty cysts (Figure 3A). These were reminiscent of

the empty dilated telogen hair follicles described in mice

carrying a targeted deletion of the desmosomal gene, Dsg3

(Koch et al, 1998).

Figure 1 Phenotype of Grhl1-deficient mice. (A) A representative Grhl1 mutant (–/–) and wild-type (þ /þ ) littermate photographed at
weaning (upper panel). Mice from a separate litter at 37 days (lower panel). (B) An example of overgrooming and recovery in a Grhl1 mutant
female. This mouse was housed with other mice when the first photograph was taken. The mouse was photographed again, 3 weeks after being
housed in isolation.
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Figure 2 Expression of Grhl1 in embryonic and adult skin and hair follicles. (A–C) Embryonic skin sections probed with Grhl1-specific
antisense riboprobe. Left: dark field photograph; right: light field photograph. (A) At E15.5, the Grhl1 transcript is found in the epidermis and in
hair germs. Arrows point to the locations of hair germs. (B) At E17.5, the expression extends to the newly formed hair pegs. (C) Grhl1
expression in whisker pads at E17.5. Grhl1 is present in the hair follicles except for the dermal papilla. (D–G) Staining for b-galactosidase
activity in skin from the Grhl1–/– mice. (D) Adult epidermis expresses the reporter gene primarily in the suprabasal layers. (E) E14.5 embryo
head and upper body detail. At this stage, the b-galactosidase activity is detected throughout the skin and is particularly intense in the hair,
ears, and in the lining of the nostrils. (F, G) Adult hair follicles: telogen (F) and anagen (G). In the adult hair follicle, the reporter gene activity is
most pronounced in the IRS of the hair follicle, but is absent from the dermal papilla. The scale bars are equivalent to 500mm in (A–C) and
100mm in (E–G).
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We repeated the histological examination on skin from

adult Grhl1–/– mice fixed in 70% ethanol. Processing in this

way has been shown to display clefts between the IRS and

outer root sheath (ORS) in Dsg-deficient mice that were not

apparent following formalin fixing (Hanakawa et al, 2004).

The formation of these clefts is due to shrinkage of the tissue

caused by dehydration from the ethanol fixing. As shown in

Figure 3B, cleft formation was evident between the IRS and

ORS in Grhl1–/– mice, but not in wild-type littermate controls.

We also examined hair anchorage using a tape-stripping test,

in which adhesive tape was applied to the dorsal region of

the trunk and peeled off in the direction of hair growth

(Figure 3C; Koch et al, 1998). Despite the thinner hair cover-

ing of the Grhl1–/– mice, substantially more hair was lost from

the mutant animals than their wild-type littermate controls.

Hair numbers adherent to the tape per low power micro-

scopic field varied between 400 and 500 in the mutant strain

compared with 100–200 in the wild-type animals.

The rate of hair regrowth following depilation was iden-

tical in both wild-type and mutant mice (Supplementary

Figure 6). Examination of depilated hairs removed during

anagen revealed that the shafts remained intact, and had not

broken at any point along the shaft. Toluidine blue staining of

these hairs from wild-type and mutant mice uncovered a

marked difference (Figure 3D). Adherent to the proximal tip

of the wild-type hair was an intensely stained ball of tissue

that consisted of the IRS, companion layer and ORS

(Hanakawa et al, 2004). In contrast, the mutant hair dis-

played naked anagen hair bulbs lacking any of the usual

tissue layers. This finding is reminiscent of the appearance of

plucked anagen hairs in human patients with loose anagen

hair syndrome (Baden et al, 1992). Consistent with this, we

observed marked differences in the appearance of depilated

follicles between wild-type and mutant mice, with retention

of the IRS in the Grhl1-null animals (Figure 3E).

Defining the GRHL1 consensus DNA-binding site

The molecular events underlying the defects observed in the

Grhl1-null hair follicles presumably reflected altered expres-

sion of target genes of this transcription factor. To date, the

consensus DNA-binding sequence of this factor remained

unknown. To address this, we initially performed cyclic

amplification and selection of targets (CASTing) (Wright

et al, 1991). For this purpose, we used cellular extracts from

a human placental choriocarcinoma cell line JEG-3 that we

had previously shown to contain abundant GRHL1 (see

Materials and methods). We had successfully employed this

strategy to define the consensus DNA-binding site for GRHL3

(Ting et al, 2005). After six cycles, the population of selected

binding sites was cloned and individual isolates sequenced

and aligned (Supplementary Figure 7). The defined GRHL1

Figure 3 Analysis of the epidermis and hair in adult Grhl1�/� mice.
(A) Histology of the skin from a hypotrichotic area of a 4-month-old
Grhl1-null mouse revealing cysts (arrows) in telogen follicles. (B)
Histology of horizontal cross-sections of skin fixed with 70%
ethanol from a 45-day-old Grhl1-null mouse (–/–) and wild-type
(þ /þ ) littermate control. Cleft formation between the IRS and ORS
in the Grhl1-null sample is indicated by an arrow. (C) Loose
anchoring of hair in the Grhl1�/� mice. Adhesive tape was applied
to the dorsal skin of 2-month-old Grhl1-null mice (–/–) and their
wild-type littermates (þ /þ ). The tape was then gently pulled in
the direction of hair growth. (D) Toluidine blue staining of anagen
hair follicles extracted from a 45-day-old Grhl1-null mouse (–/–)
and a wild-type littermate control (þ /þ ). (E) Histology of hor-
izontal cross-sections of depilated skin from a 45-day-old Grhl1�/�

mouse and wild-type littermate control. The scale bars are equiva-
lent to 100mm in (A–E).
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DNA-binding consensus sequence (AACCGGTT) was identi-

cal to that defined for GRHL3, and also matched the con-

sensus sequence for Drosophila GRH DNA binding, which we

had previously identified by alignment of multiple GRH-

responsive gene regulatory regions (Wilanowski et al, 2002;

Ting et al, 2005). Of note, the first of the two cytosines and

the second of the guanines were invariant in both GRHL1 and

GRHL3 CASTing assays.

Reduced expression of the Dsg1 genes in Grhl1-deficient

mice

Our histological analyses, as well as analyses of others,

suggested that defects in hair anchoring underpinned the

Grhl1-deficient phenotype. Previous studies have implicated

members of the desmosomal cadherin family in this process

(Koch et al, 1998; Hanakawa et al, 2004), and this, coupled

with the links between grh and cadherin family members in

Drosophila prompted us to examine the potential role of these

genes in the Grhl1-deficient mice.

The desmosomal cadherins are adhesion molecules that

are critical components of the intercellular junctions in the

epidermis, the desmosomes (Garrod et al, 2002; Yin and

Green, 2004). The family consists of the desmocollins (Dsc)

and Dsgs, each of which has multiple subtypes in mice and

humans (Dsg1–4 and Dsc1–3) that are expressed in a differ-

entiation-dependent pattern (Garrod et al, 2002; Yin and

Green, 2004). In addition, mice have three Dsg1 isoforms

(Dsg1a, Dsg1b, and Dsg1g) (Kljuic and Christiano, 2003;

Pulkkinen et al, 2003; Whittock, 2003), which exhibit varying

expression patterns in the differentiating cell layers in the

epidermis (Brennan et al, 2004). In the hair follicle, all three

Dsg1 isoforms are present, but are subject to significant hair

cycle-dependent changes (Brennan et al, 2004). To determine

whether the desmosomal cadherins were potential GRHL1

target genes, we surveyed the regulatory regions of these

genes for potential GRHL1-binding sites. As shown in

Figure 4A, the three mouse Dsg1 genes and the human

DSG1 gene all contained a putative GRHL1-binding motif,

with a conserved first cytosine and second guanine. The

putative GRHL1-binding site in the human DSG1 promoter

was located 12–34 bp upstream of the four reported transcrip-

tion start sites (Adams et al, 1998). Although the locations of

the transcription start sites in the mouse Dsg1 genes have not

been reported, there is significant homology between the

three mouse genes and the human gene in the promoter

regions, suggesting that GRHL1-binding sites also reside in

the proximal Dsg1 promoters in the mouse. No GRHL1

consensus-binding sites were found in the human or mouse

Dsg2, Dsg3, or Dsg4 genes, or in any of the Dsc genes from

these species (data not shown).

Our earlier RNA and reporter gene data (Figure 2) had

demonstrated that Grhl1 was expressed in the IRS of the hair

follicle, a region also known to express the Dsg1 genes

(Brennan et al, 2004; Hanakawa et al, 2004). To confirm

this at a protein level, and to visualize the coexpression of

GRHL1 and DSG1, we performed immunohistochemistry on

single sections of epidermis from wild-type mice using anti-

sera to both proteins and the ImmPRESS multiple antigen

labelling system (see Material and methods). GRHL1 and

DSG1 were coexpressed in the IRS (Figure 4B) and the

sebaceous glands (data not shown).

To ascertain whether the level or distribution pattern of

DSG1 protein was altered in the Grhl1�/� animals, we per-

formed immunohistochemistry on wild-type and mutant skin

with antisera to DSG1 (Figure 4C). A marked reduction in

protein expression was observed in both the hair follicles and

interfollicular epidermis of the Grhl1 mutants compared with

the controls. We then performed northern analysis using RNA

from skin with a probe that would hybridize to all three mouse

Dsg1 genes. We also examined the expression of Dsg3, which

lacks a GRHL1-binding site in its regulatory regions, in these

samples. As shown in Figure 4D, expression of Dsg1 was

specifically reduced in the mutant strain. Quantitation of the

signals by densitometry revealed that Dsg1 levels were three-

fold lower in the Grhl1-deficient skin. In contrast, the expres-

sion of Dsg3 was not altered in the Grhl1-deficient skin. To

confirm our northern analysis, and to investigate whether

changes in expression of other cell adhesion genes may con-

tribute to the observed phenotype, we studied the expression

of Dsg1, Dsg2, Dsg3, E-cadherin (Cdh1), P-cadherin (Cdh3),

desmoplakin (Dsp), and desmocollin 1 (Dsc1) in the Grhl1-null

mice by Q-RT–PCR (Figure 4E). Dsg1 expression was signifi-

cantly reduced in the Grhl1�/� epidermis. No significant differ-

ences in expression levels of the other genes were observed in

the mutants compared with their wild-type littermates, with the

exception of Dsg2, which was upregulated twofold in the

mutant epidermis. The upregulation of Dsg2 is unlikely to

contribute significantly to the desmosomal cadherin protein

pool, as the levels of DSG2 protein in adult skin are extremely

low in normal adult skin (Mahoney et al, 2006). We also

performed a microarray (Illumina) experiment, using epider-

mal-derived RNA from three wild-type and three mutant mice.

We did not find any significant changes in the expression of cell

adhesion genes in the Grhl1-knockout mice, consistent with the

reduced sensitivity of this methodology as compared to Q-RT–

PCR. A number of genes were found to be differentially

expressed, but none of these have been linked to hair anchor-

ing (data not shown).

To confirm the Dsg1 genes as direct targets of

GRHL1, we performed electrophoretic mobility shift assays

(EMSA) (Figure 4F). The putative GRHL1-binding motif

(GACTGGTT) is perfectly conserved, together with 6 bp up-

stream and 12 bp downstream flanking sequences, in three of

the Dsg1 promoters: mouse Dsg1a, mouse Dsg1g, and human

DSG1 (Figure 4A). In the mouse Dsg1b promoter, this motif is

slightly different (AACTGGTT), although the flanking se-

quences are still conserved. Consequently, we designed two

probes for the EMSA, one derived from the human DSG1

promoter, and the other based on the mouse Dsg1b promoter.

Using nuclear extract derived from the JEG-3 cell line, we

demonstrated several DNA/protein complexes with the

mouse probe (lane 1). The upper band (arrowed) was

specifically supershifted with the addition of anti-GRHL1

antisera (lane 2). This band was specific, as it was competed

off with excess unlabelled mouse Dsg1b probe (lane 3). It was

also competed off with excess unlabelled human DSG1 probe

(lane 4). The human DSG1 probe revealed a less complex

array of protein/DNA complexes, but the GRHL1 complex

was retained (lane 5) and specifically supershifted with anti-

GRHL1 antisera (lane 6). The GRHL1 band was also com-

peted away with excess unlabelled, human DSG1 (lane 7) and

mouse Dsg1b probe (lane 8), indicating that GRHL1 binds

specifically to the Dsg1 promoters in mice and humans.
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Figure 4 Mouse and human Dsg1 genes are direct targets of GRHL1 regulation. (A) Alignment of the promoter regions of Dsg1 genes from
mouse and human to the consensus DNA-binding sequence for GRHL1. Conserved bases are bolded and the invariant cytosine and guanine are
underlined. Sequences of Dsg1 promoters were obtained from the GenBank database, entries AC108943 (Dsg1a and Dsg1g, AC102410 (Dsg1b,
and AC009717 (human DSG1. (B) Immunohistochemistry of DSG1 and GRHL1 in wild-type mouse skin. Polyclonal antisera to mouse DSG1
was added first and developed with NovaRed (red colour). After re-blocking with horse serum, polyclonal antisera to mouse GRHL1 was added
and developed with DAB-Ni (gray/black colour) (left panels). Adjacent sections exposed to the respective pre-immune sera (right panels). (C)
Immunohistochemistry of DSG1 expression in Grhl1�/� and Grhl1þ /þ skins. Top panels: anti-DSG1 antibody; bottom panels: pre-immune
sera. The scale bars are equivalent to 500mm. (D) Northern analysis of Dsg1 and Dsg3 mRNA expression in the skin from Grhl1-null and wild-
type mice. The Gapdh probe served as the loading control. (E) Quantitative RT–PCR analysis of epidermal RNA from Grhl1-null and wild-type
mice. Grhl1�/� samples are shown as lighter boxes and wild-type controls as darker boxes. Bars represent standard errors. The HPRT levels
served as reference. (F) DNA binding of GRHL1. Extract from the JEG-3 cell line was studied with the probes from the mouse Dsg1b and human
DSG1 promoters. A 100-fold molar excess of unlabelled cold competitor probe was added in the indicated lanes. The aGRHL1 antibody 67 was
added where indicated. The migration of the specific GRHL1/DNA complex is arrowed. (G) Binding of GRHL1 to the human DSG1 promoter
demonstrated by ChIP assay. Chromatin from HaCaT cells was immunoprecipitated using two different antisera to GRHL1, 67 (lane 4) and 611
(lane 5). As negative controls, we used pre-immune sera (lane 3) and no added sera (lane 2). Lane 1 shows the input chromatin. The
immunoprecipitated chromatin was amplified with DSG1 or the control MYOD primers. (H) GRHL1 transactivates Dsg1 promoters. 293T cells
were transiently cotransfected with the proximal promoters of the mouse (Dsg1a, b and g) and human DSG1 (H) genes linked to the firefly
luciferase reporter gene with an expression vector containing the Grhl1 cDNA (shaded bars) or the vector alone (open bars). Each experiment
was performed in triplicate. Bars indicate the standard deviations.
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To confirm this binding in an in vivo setting, we performed

chromatin immunoprecipitation (ChIP) using the human

keratinocyte cell line, HaCaT (Figure 4G). We initially deter-

mined by RT–PCR that both GRHL1 and DSG1 are expressed

in this cell line (data not shown). Crosslinked protein/chro-

matin complexes were immunoprecipitated with two differ-

ent anti-GRHL1 antisera (lanes 4 and 5), and after reversal of

the crosslinking the precipitates were subjected to PCR with

primers flanking the GRHL1-binding site in the DSG1 promo-

ter (upper panel). The promoter from the MYOD gene (which

is not expressed in these cells) was used as a negative control

(lower panel) (Sawado et al, 2001). Pre-immune sera from

one of the GRHL1 immunized rabbits (lane 3) and no sera

(lane 2) served as additional controls. Occupancy of the DSG1

promoter by GRHL1 was evident in this cell line. The input

chromatin for each experiment is shown in lane 1.

We also performed reporter gene assays with the indivi-

dual mouse and human Dsg1 promoters in the setting of

enforced Grhl1 expression (Figure 4H). The human embryo-

nic kidney cell line 293T was cotransfected with the indivi-

dual human and mouse Dsg1 promoters linked to the firefly

luciferase gene and a mammalian expression vector carrying

the mouse Grhl1 gene. An empty vector was transfected with

the reporter constructs as a control, and transfection effi-

ciency was established with a plasmid expressing Renilla

luciferase. All four promoters were trans-activated to varying

extents by Grhl1 in this context, consistent with the reduction

in Dsg1 expression observed in the Grhl1-deficient mice. We

then examined the effect of mutating the nearly optimal

GRHL1-binding site in the Dsg1 promoter and found that

loss of this site in isolation did not ablate GRHL1-dependent

activation (data not shown). We reexamined the region of the

promoter that we identified by ChIP to contain the GRHL1-

binding site(s) and, eventually, identified two other sites

matching the binding sequences previously identified in our

CASTing assay, which were also conserved in the human

DSG1 promoter. This suggests, as with many other transcrip-

tion factors, that multiple binding sites are present in key

regulatory regions. To investigate the specificity of the re-

sponse to GRHL1, we examined whether the Dsg1 promoter

was also responsive to GRHL3 in transfection experiments

(Supplementary Figure 8). Despite the fact that GRHL1 and

GRHL3 have identical in vitro-defined DNA-binding consen-

sus sequences, GRHL3 was unable to activate the Dsg1

promoter.

Grhl1-null mice exhibit palmoplantar keratoderma

In humans, mutations in the DSG1 gene result in the dom-

inantly inherited disorder striate PPK (SPPK), typified by

hyperkeratosis at sites of pressure and abrasion, the palms,

and soles (Rickman et al, 1999; Hunt et al, 2001). Histological

examination of the palmopalmar surface of the paws of the

Grhl1-null mice revealed marked thickening of the stratum

corneum, consistent with PPK (Figure 5A). Analysis of expres-

sion of different keratins in humans with DSG1-SPPK revealed

a reduction of K5 and K14, with weak staining of K10 remain-

ing in the lower suprabasal layers (Wan et al, 2004). Studies in

the Grhl1-mutant mice also revealed a marked reduction in K14

expression and a less dramatic reduction in K5 expression

compared with wild-type controls (Figure 5B and C).

Expression of K10 was also altered, with weak staining con-

fined to the upper spinous and granular layers (Figure 5D).

However, the levels of involucrin, a differentiation marker,

were decreased (Figure 5E), which was inconsistent with

DSG1-SPPK patient data (Wan et al, 2004).

Ultrastructural studies of the interfollicular epidermis un-

veiled more abnormalities in the Grhl1-null mice (Figure 5F).

Fewer desmosomes were identifiable (Table I), and these

appeared to be shorter and less well organized (Figure 5F).

We then examined desmosomal number in cultured wild-type

and mutant epidermis following treatment with EGTA, which

has no effect on normal epidermis, but induces dissociation

in the setting of desmosomal instability (Garrod et al, 2005).

Consistent with our other findings, EGTA treatment led to a

further reduction in desmosomal number (Table I).

Discussion

Many cellular functions require stringent control of attachment

to, and detachment from, other cells or biological surfaces. An

example of dynamic adhesive interactions is anchoring of the

hair shaft to the hair follicle, in which the desmosomal

cadherins have a pivotal role. The studies reported here

implicate the transcription factor Grhl1 in the regulation of

hair anchoring and reveal a direct link between this factor and

the human and mouse Dsg1 genes. Expression of Grhl1 in the

mouse hair follicle was observed in the IRS of the follicle, but

not in the dermal papilla cells, mirroring the pattern of

expression of the Dsg1 genes (Brennan et al, 2004). Mice

deficient in Grhl1 showed a delay in the appearance of their

coat, sporadic regional hair loss, and excess hair loss with tape

stripping and abnormal clefting between the IRS and ORS,

which are the features of loss of Dsg1 expression (Hanakawa

et al, 2004). Northern blotting and Q-RT–PCR confirmed that

the levels of Dsg1 were reduced in the mutant mice compared

with wild-type littermate controls. Sequence analysis, DNA

binding, and ChIP experiments demonstrated that the mouse

and human Dsg1 promoters were direct targets of GRHL1, and

transfection assays confirmed the ability of GRHL1 to activate

these regulatory elements. These findings suggest that GRHL1

is an important regulator of the Dsg1 genes in the context of

mammalian hair anchorage.

Studies of mice carrying mutations in the desmosomal

cadherin genes have illustrated the role of this family in the

growth and anchoring of the hair follicle (Garrod et al, 2002).

Mice carrying a targeted deletion of the Dsg3 gene show

normal follicular neogenesis, and then develop defective hair

anchoring in the quiescent (telogen) phase of the growth

cycle (Koch et al, 1998). These animals also exhibit a skin

phenotype that resembles pemphigus vulgaris (Koch et al,

1997). Mice deficient in Dsc1 and Dsg4 also exhibit skin and

hair phenotypes, although defective hair anchorage is not a

feature of these mutants (Chidgey et al, 2001; Kljuic et al,

2003). Mutations in the desmoplakin and plakoglobin genes

manifest with PPK, hair abnormalities, and cardiomyopathy

(McGrath, 2005). The hair phenotype in these patients is

described as ‘woolly’, and as such does not resemble the

anchorage defects seen in the Grhl1-null mice. Histological

examination of the heart from the Grhl1 mutant mice re-

vealed no evidence of cardiomyopathy (data not shown). The

presence of three Dsg1 genes in mice has presumably

precluded their inactivation by standard gene targeting.

Instead, inactivation of two of the DSG1 isoforms (DSG1a and

DSG1b) by a serine protease produced by Staphylococcus aureus,
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Figure 5 Grhl1-null mice exhibit features of PPK. (A) Histology of the palmar surface of the forepaw of a Grhl1-null (–/–) and wild-type
(þ /þ ) littermate at 7 months of age. (B–E) Immunohistochemistry (C, D) or immunofluorescence (B, E) of keratin and involucrin expression
in palmar sections from 7 months old Grhl1�/� and Grhl1þ /þ mice. The staining was performed with antisera against K5 (B), K14 (C), K10 (D),
and involucrin (E). (F) Transmission electron microscopy of interfollicular epidermis. Arrows point to individual desmosomes. The scale bars
are equivalent to 100mm in (A–E) and 100 nm in (F).
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exfoliative toxin A (ETA) in the setting of Dsg3 deficiency has

been examined (Hanakawa et al, 2004). These mice exhibited

a specific loss of anagen hair with tape stripping and separa-

tion between the ORS and IRS of the hair follicle, a histolo-

gical feature we also observed in the Grhl1-deficient mice. In

contrast, ETA-induced loss of these DSG1 isoforms in the

setting of wild-type levels of DSG3 did not lead to defective

hair anchoring or histological abnormalities, suggesting that

DSG3 can compensate for loss of DSG1a and DSG1b. Our data

suggest that DSG1g, the ETA-resistant isoform of DSG1

(Brennan et al, 2004), also has a key role in this compensa-

tion, as reduced total Dsg1 expression in Grhl1-deficient mice

in the setting of wild-type levels of Dsg3 leads to severe hair

anchoring defects. Dsg1g is highly expressed in the IRS of the

lower hair follicle and in the sebaceous glands, analogous to

Grhl1, and the Dsg1g promoter contains a GRHL1 consensus

site. Computational analyses suggest that the very low hydro-

philic potential of the extracellular anchoring domain of

DSG1g may provide it with a stronger affinity for the cell

membrane than the other DSG1 isoforms, underpinning its

potential importance in hair shaft anchoring (Brennan et al,

2004).

The phenotype induced by the Grhl1-mediated reduction

in total Dsg1 levels is unlike the ETA-treated Dsg3-null mice in

that it manifests as poor hair anchorage at all stages of the

hair cycle, not just in anagen. This was evident in our tape-

stripping experiments, in which hair was readily removed

irrespective of the growth cycle stage, and in the histological

identification of empty dilated telogen hair follicles, reminis-

cent of the mice carrying a targeted deletion of the Dsg3 gene.

We suspect that the delay in initial hair appearance was

contributed to by maternal grooming, as hair growth im-

proved at the time of weaning, while hair loss in young pups

was variable between litters, but consistent within the same

litter. Also commensurate with this, older mice showed

sporadic regional hair loss, which was not observed when

animals were housed in isolation. Although it is possible that

the phenotypic variability observed was also influenced by

modifier loci, these have not been described in the context of

other depilation defects.

In addition to hair anchorage defects, the Grhl1-null mice

exhibited keratoderma of the palmar surface of the front-

paws and the plantar surface of the hind-paws accompanied

by disordered expression of keratins 5, 10, and 14, a pheno-

type mimicking the appearance of SPKK in patients with

DSG1 mutations. The expression of involucrin was decreased,

which is in contrast to patients with SPPK, indicating that

subtle species differences exist in this condition. Hair dis-

orders have also not been reported in these patients, and we

postulate that this may be due to a dosage effect, as DSG1

mutations in humans result in haploinsufficiency, with

proteins levels predicted to be at 50% of normal. The

lack of skin or hair phenotypes in the Grhl1þ /– animals

is not surprising, as these mice presumably exhibit much

higher levels of Dsg1 expression than homozygous Grhl1�/�

mutants.

Accumulating evidence suggests that the specific distribu-

tion pattern of desmosomal proteins is not merely a result of

differentiation, but may in fact drive tissue morphogenesis

and function (Green and Gaudry, 2000). Despite this, little is

known about the spatio-temporal transcriptional regulation

of desmosomal components. C/EBP transcription factors

have been shown to regulate the expression of desmocollin

genes, but not Dsgs (Smith et al, 2004). A region 4.2 kb 50 of

the transcription start site in the human DSG1 promoter is

sufficient to confer expression in the epidermis and hair

follicles (Adams et al, 1998). This region encompasses the

GRHL1-binding site. In addition, protein kinase C (PKC) has

been shown to positively regulate DSG1, with little effects on

the other DSG genes (Denning et al, 1998). Although we are

yet to establish whether PKC signalling acts through Grhl1,

this pathway has been linked to the Grhl family in the context

of neural tube closure, as demonstrated in the curly tail mice,

which carry a mutation in the Grhl3 gene (Ting et al, 2003a;

Cogram et al, 2004). Our data suggest that hair anchorage is

sensitive to the absolute levels of Dsg expression. Consistent

with this, a two- to threefold elevation in Dsg1 and Dsg3

levels in the plucked (pk) mutant mouse leads to impaired

hair growth with retention of IRS in the follicle (Luo et al,

2005), and altered patterns of expression of individual Dsgs

perturb epidermal differentiation (Elias et al, 2001; Merritt

et al, 2002). These observations highlight the need for precise

regulation of Dsg expression in the hair follicle.

Disruptions of DSG1 protein function can also result in

cell–cell dis-adhesion and blistering in the superficial epider-

mis (Anhalt et al, 1982; Udey and Stanley, 1999; Amagai et al,

2000; Hanakawa et al, 2002). The Grhl1-deficient mice did

not exhibit a blistering phenotype, although we observed

desmosomal defects in the interfollicular epidermis, which

had fewer desmosomes than controls. These desmosomes

were shorter, less-organized, and weakly adhesive, as demon-

strated by their sensitivity to EGTA treatment (Garrod et al,

2005). However, this desmosomal phenotype was not suffi-

ciently severe to cause skin blistering. Consistent with this,

the Nikolsky test for epidermal fragility was negative (data

not shown) (Polifka and Krusinski, 1980). We conclude that

there were sufficient desmosomes present in the Grhl1�/�

epidermis to prevent skin blistering.

Our studies expand the functional comparisons between

Drosophila grh and the mammalian Grhl genes that were

initially examined in the context of formation and repair of

the epidermal barrier (Ting et al, 2005). The consensus DNA-

binding sequence identified for GRHL1 is identical to that

defined for Drosophila GRH (Wilanowski et al, 2002). In

addition, the identification of cadherin genes as direct tran-

scriptional targets of GRHL1 extends the links between the

Table I Comparison of desmosome numbers in Grhl1+/+ and Grhl1�/� epidermis untreated or treated with EGTA

Sample 1 Sample 2 Mean difference per field s.e. Significance#

Grhl+/+ untreated Grhl�/� untreated �3.05714 0.96105 0.023
Grhl+/+ �EGTA Grhl+/++EGTA �0.35000 0.97270 0.999
Grhl�/� �EGTA Grhl�/�+EGTA �2.96111 0.99936 0.042

#Statistical analysis was performed using Tukey HSD post hoc test with Po0.05 considered significant.
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grh and cadherin gene families from Drosophila to mammals.

The cadherin family consists of more than 100 members

(including the protocadherins) involved in many diverse

cellular and developmental events (Nollet et al, 2000).

Among the known targets of Drosophila, GRH are two

cadherin superfamily members, stan/fmi and E-cadherin/

shotgun (Lee and Adler, 2004; Almeida and Bray, 2005).

The links between the two gene families have recently been

extended in another model organism. A study of genome-

wide predictions of genetic interactions in C. elegans has

identified a number of cadherin family members as prime

targets for significant functional interactions with Grh-1, the

worm homologue of grh (Zhong and Sternberg, 2006). These

included cdh-6, a homologue of Drosophila stan, and hmp-2,

a b-catenin. We have recently identified the mammalian

homologue of E-cadherin as a target of another member of

the Grh-like family, Grhl2 (JMC and SMJ, unpublished). Our

ongoing studies will examine their functional relevance.

The ablation of Grhl1 expression does not completely

inactivate the Dsg1 genes, suggesting that there are other

factors involved in their regulation. Also, the Grhl1 gene is

expressed in many tissues that do not express Dsg1, and the

apparent lack of phenotype associated with these tissues may

be due to compensation from other Grhl family members. To

this end, we have generated mice carrying mutations at both

Grhl1 and Grhl3 loci. Mice null for both Grhl1 and Grhl3 died

at birth, with neural tube defects that were identical to those

observed in Grhl3-null embryos. Grhl1�/�Grhl3þ /� animals

did not show any differences in phenotype to that observed

with loss of Grhl1 alone. It is unclear whether the residual

Grhl3 allele is sufficient to partially compensate for the loss of

Grhl1, or compensation is provided by another factor. Our

transfection data suggest that GRHL3 is incapable of activat-

ing the Dsg1 promoter, suggesting that it may have no role in

this context. The development of a conditional Grhl3 allele

will allow this question to be addressed further.

Materials and methods

Microscopy, digital photography, and image processing
Gross images were obtained using a digital camera (Fuji FinePix S2
Pro with 60 mm Micro Nikon lens) or a dissection microscope
(model SMZ-U, Nikon) equipped with a camera (AxioCam, Zeiss)
driven by AxioVision (Zeiss). Microscopy images were obtained
using a microscope (Optiphot-2, Nikon) and the same camera.

EMSA
This assay was carried out according to the previously published
protocol, using the same nuclear extract and antibodies (Wila-
nowski et al, 2002). Two oligonucleotide probes were used (sense
strand only given): human Dsg1 promoter 50-GGTGGGGAT
CCAGACTGGTTATACGTACCTTC-30, mouse Dsg1b promoter 50-
GGGTGGAGATCCAACTGGTTATACGTACCTTC-30.

Luciferase reporter gene activity assay
Luciferase activity assays employed the dual-luciferase reporter
assay system (Promega). Promoter elements from the mouse and

human Dsg1 genes were PCR amplified and cloned into KpnI-XhoI
cloning sites of the pGL3-Basic vector. The PCR primers introduced
the required KpnI and XhoI restriction sites at the ends of the
amplification products. The primer sequences are included in the
Supplementary data. For expression of Grhl1, the full-length mouse
Grhl1 cDNA (Wilanowski et al, 2002) was cloned into the pCAGGS
vector. 293T cells were transiently cotransfected with the approxi-
mately 1 kb fragments of proximal promoters of the mouse and
human Dsg1 promoters linked to the firefly luciferase reporter gene,
and either the empty pCAGGS vector or the pCAGGS vector
containing the Grhl1 cDNA. Cotransfection with the pTK-RL
plasmid expressing Renilla luciferase served as the control of
transfection efficiency. The results were standardized using Renilla
luciferase assay. Each experiment was undertaken in triplicate.

Other experimental procedures
RT–PCR, Q-RT–PCR, histology, in situ hybridization, b-galactosi-
dase staining, and electron microscopy were carried out as
described (Wilanowski et al, 2002; Ting et al, 2003a, b; Wan et al,
2004; Majewski et al, 2006). Primer sequences are included in the
Supplementary data. Desmosomal counts were obtained using two
different methodologies. In the first, images were taken randomly,
with the only criterion being that the cornified layer appeared in the
image, and all images were captured at 25 K. In the second, images
were taken side-by-side all at 25 K and were rotated so that the
cornified layer lay parallel to one of the long axes. Twenty to 24
images were taken per section.

The CASTing assay was performed as described previously (Ting
et al, 2005), except nuclear extract from JEG-3 cells, and anti-
GRHL1 antibody no. 67 was used (Wilanowski et al, 2002).
Northern blots were performed as described previously (Ting
et al, 2005). The Dsg1-specific probe encompassed nt 1808–2405
(GenBank entry AK036986), a region common to all three Dsg1
isoforms. The Dsg3-specific probe encompassed nt 1162–1822
(GenBank entry NM_030596). Signal strengths were quantified
using PhosphorImager, driven by ImageQuant 5.0 (Molecular
Dynamics).

The ChIP experiment followed the published protocol (Forsberg
et al, 2000).
Primers specific for the human DSG1 promoter were:
forward, 50-CCCTCGGTATTTCTGTTCAC-30

reverse, 50-CATCCAAGACCAAGGGAGTT-30

Primers specific for the MYOD promoter were used as negative
control (Zhao et al, 2004).

Immunohistochemistry on single sections of wild-type mouse
skin was performed using the ImmPRESS multiple antigen labelling
system as per the manufacturer’s instructions (Vector Laboratories,
Burligame, CA). Polyclonal antisera to mouse DSG1 was added first
and developed with NovaRed (red colour). After re-blocking with
horse serum, polyclonal antisera to mouse GRHL1 was added and
developed with DAB-Ni (gray/black colour).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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